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INTRODUCTION 

The Donald C. Cook Nuclear Plant is a 2,200 megawatt steam electric gener- 
ating station situated on the southeastern shore of Lake Michigan about 18 km 
south of St. Joseph, Michigan. At full operation, the plant uses roughly 
6,300 m-^/min of lake water in once-through cooling of its condensers; the water 
returned to the lake is 9-13C° above the intake temperature. Entrained phyto- 
plankton are exposed to potentially damaging heat and pressure (in addition, 
prior to 1979, the plant used chlorination twice daily for chemical defouling of 
the heat exchangers and turbine condensers). Because algae form the base of the 
aquatic food chain, the effects of entrainment are of primary ecological impor- 
tance. The Environmental Technical Specifications of the plant require an 
assessment of entrained phytoplankton abundance, viability, and species compo- 
sition to be made on a monthly basis on samples collected in the early morning, 
at mid-day, and in the late evening. 

SUMMARY OF OTHER STUDIES 

Other power plant studies and pertinent phytoplankton research have been 
summarized in Rossmann et al. (1977). These studies have shown that phyto- 
plankton may suffer inhibition or death as a result of condenser passage. 
Various authors have concluded that temperature rises which can be tolerated by 
phytoplankton range from 8C° to 11C°, although the actual change that can be 
tolerated is related to the initial water temperature (the lower the initial 
temperature, the greater the tolerable rise). If chlorination is also taking 
place, phytoplankton may be killed outright or suffer varying degrees of inhibi- 
tion in productivity. In addition, changes in community structure have been 

1 



noted. At elevated temperatures, communities were observed to exhibit a 
decreased diversity promoted by a shift from a diatom-dominated community to one 
dominated by either green algae or blue-green algae. Some evidence also exists 
which suggests that phytoplankton productivity may be mildly stimulated by 
mechanical pumping . 

PREVIOUS STUDIES AT THE COOK PLANT 

Two major studies were initiated to investigate the impact of the power 
plant on the phytoplankton community. The first, begun in 1968, was concerned 
with the long-term effects of the plant on the phytoplankton community. The 
study included the determination of abundances and species composition in 
samples taken at both plant-influenced and non-influenced sites. These data 
established pre-operational phytoplankton trends and variations in the lake 
against which operational data can be compared. The results have been reported 
by Ayers £t al . (1970), Ayers et_ al . (1971), Ayers £t al . (1972), Ayers and 
Seibel (1973), Ayers £t al • (1974), Ayers and Kopczynska (1974), Ayers (1975a), 
Ayers (1975b), Ayers et al . (1977), Ayers (1978), Ayers and Wiley (1979), Ayers 
and Feldt (1982), and Ayers and Feldt (1983). 

The second study was begun in 1975 to ascertain the immediate effects of 
entrainment on the phytoplankton and to monitor long-term changes in the algal 
community. This study included the determination of phytoplankton abundance, 
species composition, and viability in samples taken from the intake and dis- 
charge forebays. The results for 1975, 1976, 1977, 1978, and 1979 are found in 
Rossmann et al. (1977), Rossmann et al. (1979), Rossmann et al. (1980), Chang 
et al . (1981a), and Rossmann et al. (1982), respectively. The results for 1980, 
1981, and January through May 1982 are presented here. 



SAMPLE HANDLING AND ANALYSIS 

Sampling was conducted on a monthly basis v/ith three approximately one-half 
hour sampling periods in a 24-hour span: after evening twilight, before morning 
twilight, and at noon. During each sampling period, fourteen to twenty-one 
samples were collected; seven from the intake forebay and seven from the dis- 
charge forebay of each operating unit (Fig. 1). Two of the seven samples from 
each location were preserved for microscopic investigation of phytoplankton 
abundance and species composition. The remaining five samples were used for 
spectrophotometric determination of chlorophylls _a, b^, and c and phaeophytin a. 
During the evening sampling period, five additional samples were collected from 
both the intake and discharge forebays. These samples were incubated at the 
intake temperature for approximately 36 hours and treated in the same manner as 
non-incubated samples for analysis of the chlorophylls and phaeophytin a. 
During the noon sampling period, six additional samples were collected from the 
intake forebay for nutrient analysis. 

Water was collected from a depth of 5.5 meters by diaphragm pumps through 
7.6-cm diameter hoses at a rate of roughly 227 L/min. As the water was pumped, 
the intake and discharge temperatures were taken and samples were collected 
in 1-L polyethylene bottles. Intake samples were taken from grate MTR 1-5, 
except in September 1981 when pump failure at MTR 1-5 necessitated sampling from 
MTR 1-4. Rossmann et_ al . (1977) and Chang et al . (1981a) established the uni- 
formity of the sampling locations across the intake forebay; thus the September 
1981 samples were included in the analysis without regard to sampling location. 
Unit 1 uses 2.7 x 10^ liters of cooling water per minute. Therefore, the 5-L 
chlorophyll sample and the 2-L phytoplankton sample represent approximately 
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6.2 X 10~^% and 2.5 x 10""^% of the water passing through the plant during a half- 
hour sampling period. Unit 2 uses 3.5 x 10^ liters per minute, so the chloro- 
phyll and phytoplankton samples represent about 4.8 x 10~^% and 1.9 x 10""^% 
of the water passing through the plant during a sampling period. With both 
units operating, the percentages are 2.7 x 10~6% for the chlorophyll sample 
and 1.1 X 10""^% for the phytoplankton sample. 

PHYTOPLANKTON 

The replicate phytoplankton samples were collected in 1~L brown polyethy- 
lene bottles (triple rinsed with lake water) and fixed immediately with 6 mL 
of Lugols' iodine solution to kill the algae and stop bacterial degradation. 
Permanent slides were prepared in the Ann Arbor laboratory using the settle- 
freeze method of Sanford et_ £l . (1969). The 1-L samples were transferred to 
graduated cylinders and left undisturbed for two days to allow the algae to sink 
to the bottom. After the settling period, 900 mL of supernatant was siphoned 
away, leaving a 100-mL concentrated stock sample. Each concentrated sample was 
then mixed and a portion pipetted into a settling chamber consisting of a plexi- 
glass cylinder clamped to a standard microscope slide (Fig. 2). A thin layer of 
stopcock grease was used to form the seal between cylinder and slide. In most 
cases, the subsample to be settled was diluted so the algae on the resulting 
slide would be of countable density. Samples were left in the chambers for two 
days. 

The settled algae were frozen onto the slide by carefully placing the 
entire chamber apparatus on a block of dry ice until the bottom 2-3 mm of sample 
had been frozen, about 25 seconds. The supernatant was then poured off, leaving 
the wafer of ice. After the ice melted, the cylinder was separated from the 
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FIG. 2. Settling chamber for phytoplankton sample preparation. 



slide. To prepare the sample for mounting, the slide was first placed in an 
anhydrous ethanol vapor for 2 days to dehydrate the sample and then in a toluene 
vapor for another 2 days to displace the ethanol. Finally, the algae were 
mounted under a cover-slip using Permount , a toluene-soluble mounting medium. 
The Permount required from 2 weeks to a month to harden before the slides could 
be counted. 

The phytoplankton were examined at 1,000X to 1,250X using Leitz microscopes 
(Ortholux and Dialux) fitted with oil objectives, each having a numerical aper- 
ture of 1.32. Two complete 100-ym wide transects were made across each slide, 
one horizontal and one vertical, to help offset uneven distribution of cells on 
the slide. A minimum of 500 cells was counted for each slide to ensure reason- 
able group percentages. Additional transects were counted on slides with low 
density and those having a large proportion of cells in dense colonial forma- 
tions (e.g., Anacystis , Gomphosphaer ia , Fragilaria , Tabellaria ). Individual 
cells were counted in all species except blue-green filaments with cylindrical 
trichomes ( Oscillatoria and Schizothrix ) for which whole filaments were counted. 
Identification was taken as far as possible for every cell encountered. 
The process x/as limited by the condition of the cell, the condition of the 
sample, and the state of the taxonomy for any given group. In many cases, the 
cells were identifiable only to genera or major group. 

CHLOROPHYLLS AND PHAEOPHYTIN a 

Immediately after collection, each 1-L water sample was passed through a 
4.25-cm diameter Whatman GF/C glass fiber filter (beginning in April 1981, Reeve 
Angel 934 AH glass fiber filters were used). After most of the water had passed 
through the filter, 1 mL of saturated MgC03 was added (1 g MgCO3-4H20/100 g 



distilled water). The measuring flask and filtration apparatus were rinsed with 
distilled water. Following filtration, the filters were rolled with forceps, 
placed in amber vials, frozen, and transported to Ann Arbor. The samples 
selected for incubation were not filtered at the time of collection but were 
immediately placed in an incubator with the bottle caps removed and allowed to 
incubate in the dark for 24 to 48 hours at the intake temperature. Following 
this, they were filtered and treated in the same manner as the non-incubated 
samples . 

In the Ann Arbor laboratory, the frozen samples were prepared for analysis 
by grinding with a tissue grinder and extracting into 90% acetone using the 
method of Strickland and Parsons (1972). The 90% acetone was prepared by swirl- 
ing reagent grade acetone with anhydrous Na2C03 and passing it through a Whatman 
#4 filter (containing some additional Na2C03) into a volumetric flask having the 
appropriate volume of distilled water for a 90% solution (v/v). Sample vials 
were removed from the freezer in groups of five and placed on ice in a dark ice 
chest next to the grinding apparatus. Sample vials were removed one at a time 
from the ice chest, and the frozen filters were transferred with forceps to a 
tissue grinding tube immersed in an icebath. The filter was ground at approxi- 
mately 100 rpm for 4 minutes in 1.5 to 2 mL of 90% acetone in a tissue grinding 
tube; the grinding tube was held firmly against the rotating pestle, lowered 
briefly, and raised back against the pestle approximately every 15 seconds. 
If the filter and 90% acetone were not reduced to a homogeneous slurry after 
4 minutes, grinding was continued until this was accomplished, generally within 
1 more minute. The contents of the grinding tube were then poured into a 12-mL 
screw cap centrifuge tube. The tissue grinder was rinsed three times with 90% 
acetone into the centrifuge tube to adjust the final volume of 90% acetone to 



10 mL. The centrifuge tube was then capped and returned to the ice chest. 
After all five samples were ground, they were placed in a dark refrigerator and 
allowed to extract for 24 to 36 hours. Following extraction, each sample was 
inverted three times, packed in ice, and centrifuged for 4 minutes at 2,000 rpm 
to separate the filter fibers and MgC03 from the extract. The centrifuged 
samples were then refrigerated until shortly before analysis. 

For analysis, individual samples were warmed to room temperature in a light 
tight container. The extract was transferred using a Pasteur pipette to two 
5-cm path cuvettes. Two drops of 50% v/v HCl were added to the sample in one 
cuvette, which was shaken and then held for 4 minutes. The other cuvette was 
placed in a Beckman model 25 scanning spectrophotometer where sample absorbances 
were measured between 600 and 750 nm. The absorbance of the acidified sample 
was then measured over the same range. 

NUTRIENTS 

After collection, the six 1-L nutrient samples were held at the intake 
temperature for about 30 minutes while the chlorophyll samples were being 
processed. Each nutrient sample was then passed through a membrane filter with 
a pore size of 45 y and into a flask previously rinsed with the same filtrate. 
Approximately 450 mL of the filtered water was transferred to a 500-mL polyethy- 
lene bottle which had also been rinsed with a portion of the filtrate. Three 
of the samples were refrigerated and three were frozen. 

In Ann Arbor, the samples were analyzed for orthophosphate, dissolved 
reactive silica, nitrate, and nitrite. The methods have been summarized 



in Rossmann et al. (1979) and the quality control described in Rossmann et al. 
(1980). 

CONDITIONS AT TIME OF COLLECTION 

TEMPERATURE AND PHYSICAL EVENTS 

Table 1 contains a suimnary of intake and discharge temperatures for those 
periods of time when phytoplankton entrainment samples were collected. In Jan- 
uary 1980, the lake was notably turbid from a winter storm and the sample water 
was high in particulate matter. Unit 2 discharge temperatures were lower than 
usual because the unit had not returned to full pov/er on the sampling dates. 
In April Unit 1 went down during a storm, resulting in the recorded temperature 
drop at the discharge forebay. Upwelling occurred the week before sampling in 
June and again during the September sampling period. In May 1981, stormy 
weather caused near-shore turbulence and resulted in samples high in particu- 
lates. Upwelling occurred during the week preceding the July entrainment sam- 
pling trip. Turbulent water was noted again in December. In January 1982, 
unseasonably high water temperatures were recorded, an indication of the plant's 
practice of deicing the intakes. 

CHLORINATION 

Previous to 1979, chlorination occurred twice daily at the Donald C. Cook 
Nuclear Plant. Chlorination ceased at the Cook Plant at the end of 1978. 
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Table 1. Intake and discharge entrainment temperatures for the sampling periods 
between January 1980 and May 1982. Dashes in the discharge columns 
indicate that unit was inoperative at the time of sampling. 



Date 



Ti 


Lme 


Intake 


Discharge 
#1, °C 


Discharge 

#2, °C 








Evening Twilight 
Morning Twilight 
Noon 


-0.2 
-0.3 
-0.3 


12.0 
12.0 
12.0 


6.6 
6.5 
6.6 


Evening 
Morning 
Noon 


Twilight 
Twilight 


0.6 
3.2 
2.4 


12.2 
14.5 
14.5 


12.4 
11.9 
14.3 


Evening 
Morning 
Noon 


Twilight 
Twilight 


5.5 
6.3 
6.2 


17.2 
17.8 
17.2 


14.0 
15.1 

14.0 


Evening 
Morning 
Noon 


Twilight 
Twilight 


3.8 
7.3 
6.1 


15.6 
8.3 
7.6 


13.2 
15.4 
15.2 


Evening 
Morning 
Noon 


Twilight 
Twilight 


11.9 
12.5 
12.5 


23.0 
23.8 
24.0 


21.4 
22.2 
22.4 


Evening 
Morning 
Noon 


Twilight 
Twilight 


14.7 
14.0 
13.0 


E 


24.1 
25.5 
23.1 


Evening 
Morning 
Noon 


Twilight 
Twilight 


22.5 
22.3 
23.6 


ii 


31.1 
31.8 
32.8 


Evening 
Morning 
Noon 


Twilight 
Twilight 


23.8 
24.2 
23.0 


31.1 
31.9 
31.1 


33.5 
34.0 
33.0 


Evening 
Morning 
Noon 


Twilight 
Twilight 


20.1 
22.9 
22.5 


29.3 
31.5 
33.2 


29.5 
31.0 
32.2 


Evening 
Morning 
Noon 


Twilight 
Twilight 


16.0 
14.0 
15.2 


26.2 
25.1 
25.4 


24.6 
22.9 
23.7 


Evening Twilight 
Morning Twilight 
Noon 


10.5 
9.2 
9.3 


20.6 
19.5 
19.5 


■■ ■ 


Evening 
Morning 
Noon 


Twilight 
Twilight 


6.4 
7.7 
6.8 


16.9 
17.9 
16.0 






21 Jan. 

22 

22 

04 Feb. 

05 

05 

10 Mar, 
11 

11 

07 Apr. 
08 

08 

12 May 
13 

13 

09 Jun. 
10 

10 

14 Jul. 
15 

15 

11 Aug. 
12 

12 

08 Sep. 
09 

09 

13 Oct. 

14 
14 

10 Nov. 
11 

11 

08 Dec. 

09 

09 



1980 



1980 



1980 



1980 



1980 



1980 



1980 



1980 



1980 



1980 



1980 



1980 



(Continued) 
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Table 1 


(Continued) 


• 








Dat( 


3 


Time 


Intake 
°C 


Discharge 
#1, °C 


Discharge 
#2, "C 








12 Jan. 

13 

13 


1981 


Evening Twilight 
Morning Twilight 
Noon 


1.2 
3.2 
4.2 


12.8 
14.6 
15.9 


10.3 
14.3 
13.4 


09 Feb. 

10 

10 


1981 


Evening Twilight 
Morning Twilight 
Noon 


3.8 
4.1 
4.2 


14.6 
15.4 
14.9 


12.8 
13.1 
15.2 


16 Mar. 

17 

17 


1981 


Evening Twilight 
Morning Twilight 
Noon 


3.7 
3.2 
4.1 


14.8 
14.4 
15.3 


___ 


06 Apr. 

07 

07 


1981 


Evening Twilight 
Morning Twilight 
Noon 


7.9 
7.6 
7.7 


18.2 
18.0 
18.2 





11 May 

12 

12 


1981 


Evening Twilight 
Morning Twilight 
Noon 


9.2 

10.1 

8.9 


19.6 
19.7 
19.5 





08 Jun. 

09 

09 


1981 


Evening Twilight 
Morning Twilight 
Noon 


17.7 
17.4 
17.9 


— 


26.8 
25.3 
26.8 


13 Jul. 

14 

14 


1981 


Evening Twilight 
Morning Twilight 
Noon 


23.7 
23.5 
23.2 


— — 


29.3 
29.9 
33.8 


08 Aug. 

09 

09 


1981 


Evening Twilight 
Morning Twilight 
Noon 


25.0 
25.7 
25.3 


31.9 
31.9 
31.8 


33.9 
35.2 
33.2 


14 Sep. 

15 

15 


1981 


Evening Twilight 
Morning Twilight 
Noon 


22.0 
22.5 
23.2 


33.4 
34.0 
34.7 


31.6 
32.8 
32.1 


12 Oct. 

13 

13 


1981 


Evening Twilight 
Morning Twilight 
Noon 


14.5 
14.3 
14.4 


25.4 
25.0 
25.2 


— 


09 Nov. 

10 

10 


1981 


Evening Twilight 
Morning Twilight 
Noon 


10.1 
10.1 
10.9 


— 


19.2 
21.0 
19.7 


07 Dec. 

08 

08 


1981 


Evening Twilight 
Morning Twilight 
Noon 


9.1 
6.0 
5.2 


21.0 
15.7 
14.9 


18.5 
17.7 
16.8 












(Continued) 
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T^ble 1. (Concluded). 











Intake 


Discharge 


Discharge 


Date 


Tj 


Lme 


°C 


#1, 'C 


#2, °C 


12 Jan. 1982 


Evening 


Twilight 


9.8 


21.0 


19.3 


13 


Morning 


Twilight 


10.3 


19.8 


20.0 


18 


Noon 




10.1 


20.6 


19.7 


08 Feb. 1982 


Evening 


Twilight 


1.2 


— 


10.2 


09 


Morning 


Twilight 


1.8 


— 


11.0 


09 


Noon 




1.4 


— 


10.8 


08 Mar. 1982 


Evening 


Twilight 


1.0 


11.0 


12.0 


09 


Morning 


Twilight 


1.0 


11.8 


10.4 


09 


Noon 




0.2 


11.3 


10.2 


12 Apr. 1982 


Evening 


Twilight 


7.9 


19.7 


17.2 


13 


Morning 


Twilight 


3.6 


16.0 


14.9 


13 


Noon 




3.8 


15.4 


13.9 


10 May 1982 


Evening 


Twilight 


13.2 


22.3 


24.2 


11 


Morning 


Twilight 


13.1 


24.4 


22.9 


11 


Noon 




14.8 


29.0 


23.7 
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RESULTS AND DISCUSSION 

NUTRIENTS 

Availability of nutrients is one of the major environmental parameters 
(along with water temperature, light level, and grazing by zooplankton) influ- 
encing seasonal succession of the various groups of phytoplankton. Concentra- 
tions of orthophosphate , nitrate, nitrite, and dissolved reactive silica 
(Table 2) vary in response to utilization by the phytoplankton and bacteria, 
turnover (destratif ication) , upwelling, and runoff. During periods when Lake 
Michigan is thermally stratified, the plant's intakes sample only epilimnetic 
water, where utilization is high and nutrient concentrations are usually low. 
Elevated nutrient levels at the intake result from several physical events. 
Runoff from the shore brings nutrients into the lake and upwelling forces nutri- 
ent-rich hypolimnetic water into the epilimnion. Most importantly, the entire 
water column is mixed at spring and fall turnover; and nutrients previously 
isolated by thermal stratification re-enter the surface regions. 

In January 1980, orthophosphate and silica were considerably higher than 
the December 1979 values of 0.24 ppb and 0.25 ppm (Rossmann e^ al . 1982), 
and nitrite was detectable. The increase may have resulted from storm-induced 
turbulence. By March and April, the silica concentration was high again — 
this time from the beginning of the spring turnover and possibly from runoff. 
Nitrite was also detectable in April. The diatom bloom was under way by May and 
the nutrient levels were decreasing, silica very dramatically. Upwelling occur- 
red the week before sampling in June so nitrite was again present and silica 
rose slightly. In September, the silica concentration increased, probably due 
to another period of upwelling. Orthophosphate and nitrate increased in October 
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Table 2. Mean monthly variation of nutrients. 



Month 



Orthophosphate 
PO4-P, ppb 



Nitrate-N, ppm 



Nitrite-N, ppm 



Si02, pptn 



1980 



January 


0.762 


0.23 


February 


0.59 


0.275 


March 


0.66 


0.32 


April 


0.58 


0.50 


May 


0.35 


0.40 


June 


0.11 


0.34 


July 


0.23 


0.21 


August 


0.39 


0.20 


September 


0.23 


0.143 


October 


1.25 


0.283 


November 


0.607 


0.17 


December 


0.865 


0.159 


1981 






January 


0.307 


0.381 


February 


0.248 


0.222 


March 


0.54 


0.32 


April 


0.21 


0.28 


May 


0.12 


0.43 


June 


0.32 


0.11 


July 


0.362 


0.264 


August 


0.0751 


0.222 


September 


0.138 


0.172 


October 


1.04 


0.256 


November 


0.0215 


0.268 


December 


1.83 


0.481 


1982 






January 


0.979 


0.326 


February 


0.649 


0.314 


March 


0.676 


0.313 


April 


0.214 


0.453 


May 


0.041 


0.030 



0.0028 

0.0 

0.0 

0.0127 

0.0 

0.0020 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 



0.82 
0.73 
1.06 
1.36 
0.27 
0.40 
0.10 
0.50 
0.79 
0.72 
0.07 
0.06 



0.0 

0.0 

0.0 

0.0030 

0.0 

0.0 

0.0233 

0.0017 

0.0 

0.0040 

0.0128 

0.0045 



1.18 

1.53 

2.22 

0.80 

0.93 

0.85 

0.68 

0.409 

0.93 

1.42 

1.02 

1.68 



0.0 

0.0 

0.0 

0.0017 

0.0 



0.877 
0.875 
0.606 
1.200 
0.314 
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with the onset of the fall turnover. By November and December, the winter 
pennate bloom had reduced the levels of orthophosphate , silica, and nitrate • 

In January and February of 1981, silica levels were high, perhaps due to 
runoff. By March, the beginning of spring turnover, perhaps combined with the 
effects of runoff, resulted in a very high silica concentration and increasing 
orthophosphate. Utilization of nitrate, orthophosphate, and especially silica 
was evident in April, when the spring diatom bloom began. Nitrite was detected 
in April (during turnover) and again in July and August. Orthophosphate and 
silica levels generally continued to decrease until October when fall turnover 
mixed the water column and all nutrients increased. Utilization of orthophos- 
phate and silica was evident again in November when diatom abundance peaked. 
Nitrite was also detectable in November. In December, all nutrient concentra- 
tions were high, presumably from storm-induced turbulence in the near-shore 
region. 

From January through March 1982, nutrients generally decreased from the 
high levels observed in December 1981. In April, silica and nitrate increased 
and nitrite appeared with the onset of spring turnover. By May, the last sam- 
pling month, utilization of the nutrients by the phytoplankton was evident. 

PHYTOPLANKTON 

Monthly Variations of Entrained Major Phytoplankton Groups 

The major groups of phytoplankton under consideration are coccoid blue- 
green algae, filamentous blue-green algae, coccoid green algae, filamentous 
green algae, flagellates, centric diatoms, pennate diatoms, desmids , and other 
algae. With the exception of the desmids, whose population level is relatively 
low throughout the year, all major groups represent significant contributions 
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to the composition of the total algal assemblage. The succession of diatoms, 
blue-green algae, green algae, and flagellates is of importance in this system 
(Rossmann et al. 1979). In general, these annual succession patterns are pre- 
dictable year after year and are summarized in the paragraphs which follow. 

Diatoms contribute the largest numbers to the total annual algal assemblage 
and include two major groups: centric and pennate diatoms. These groups, which 
have a close ecological affinity, are relatively abundant in spring (Rossmann 
et al . 1977, 1979, 1980; Chang et al. 1981a; Rossmann et al. 1982). They 
usually reach their peak in April and decrease thereafter. This decrease in 
abundance after April is most frequently related to the onset of thermal strati- 
fication, which isolates the surface waters from the pool of nutrients in the 
hypolimnion. At the same time, increases in diatoms accelerate the utilization 
of nutrients and result in nutrient depletion, especially depletion of dissolved 
silica, which is an essential element for diatom growth. The resulting low 
population density continues until October, when a decrease in water temperature 
and physical mixing processes create an isothermal water column. During the 
establishment of an isothermal water column, nutrients such as dissolved silica 
are replenished, leading to a relatively high density of diatoms throughout the 
winter months. 

The green algae population, including coccoid green and filamentous green 
algae, is generally low from January through May or June. It reaches a peak 
density during the warm water months of May through September and then declines 
during October through December. 

Blue-green algae are low in concentration from January through April for 
the filamentous and from January through July for the coccoid. Population 
abundance is highest during June through October when water temperatures are 

17 



relatively high, and its abundance decreases in November and December v/ith 
decreased water temperature. 

Flagellates are relatively low in concentration during January through 
March. A population peak generally occurs in April or May, and a large popula- 
tion often continues through December. 

The patterns of succession described above serve as a general temporal 
distribution of species occurring in the offshore waters of Lake Michigan; 
but they are seldom completely coincident with the species found in the near- 
shore region of Lake Michigan, where environmental factors dominating the system 
vary greatly from year to year in degree and in time of occurrence. Further- 
more, in the case of the entrainment samples, thermal effluents from the power 
generating plant offer an additional variable which may cause further deviations 
from the described patterns of succession. Because the general pattern of 
succession does not fully describe the existing yearly variations, it is of 
benefit to look at the observed patterns of 1980-82 algal succession. Entrained 
samples were collected for January 1980 through May 1982. Results will be 
discussed where feasible throughout the report. The complete results of micro- 
scopic counting of the 1980-82 phytoplankton entrained are in Appendix 1. 

Comparisons between the total abundance of the coccoid blue-green algae 
in 1980-82 and those from 1975 to 1979 indicate a marked decrease with respect 
to 1975, 1976, and 1978; but an increase, with respect to 1977. 1980 showed an 
increase over 1979, with August-December having the greatest abundance. 
September 1981 had a peak abundance for the year (Table 3 and Fig. 3). 

Filamentous blue-green algae were less numerous than coccoid blue-green 
algae and peaked in June 1980 and May 1981 (Table 4 and Fig. 4). Their abun- 
dance in 1980 was greater than that of 1977-79 and 1981 and less than those 
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of 1975 and 1976. Monthly abundances in 1982 were less than those in 1980 and 
1981, except for February and March. 

The mean population for coccoid green algae was quite variable between 1975 
and 1982 (Table 5 and Fig. 5). There was an increase in mean population density 
between 1975 and 1976, a decrease between 1976 and 1977, an increase between 
1977 and 1978, a decrease between 1978 and 1979, and an increase in 1980 and 
1981. Peak abundances in 1980 were in July, August, and September; and in 1981, 
they were in July. 

Filamentous green algae were less numerous than coccoid green algae and 
had a population density above 10 cells/mL in December 1979, and May, June, 
and December 1981 (Table 6 and Fig. 6). The 19&U yearly average of this group 
is the lowest for the years 1975 througn 1981. 

Flagellates were numerous and contributed a large portion to the total 
annual algal population in 1980-81 (Table 7 and Fig. 7). In 1980, flagellates 
peaked in April with high abundances through September. A high density in June 
1981 was followed by higher abundances than in previous years for the remainder 
of the year. Total abundances for 1981 and 1982 were higher than in previous 
years, an indication that flagellates may be increasing overall. 

Centric diatoms peaked in May 1980 and 1981 and in April 1982 (Table 8 and 
Fig. 8). They peaked again, but not as much, in September 1980 and 1981. 
Highest population density from 1975-1982 was in May 1981, thus giving that year 
the highest yearly mean. 

Pennate diatoms contributed a large share to the total algal population in 
each year samples were collected (Table 9 and Fig. 9). They were always low in 
density in spring, reached a peak in April or May, and decreased in July 
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through October. Highest density occurred in May 1981, dropped sharply, and 
remained low until thermal stratification ceased in the fall. 

Desmids were consistently low in abundance through 1982 (Table 10 and 
Fig. 10). Maximum population density of 5 cells/mL was obtained in May 1981. 
No significant change in population was found from 1975 to 1982. 

The group of "other algae" is composed of phytoplankton which cannot be 
adequately placed in any of the groups mentioned above. Most algae in this 
group are green algae. In 1980-81, this group of phytoplankton reached peaks 
of abundance in September 1980 and April 1981 (Table 11 and Fig. 11). The 1979 
mean population density was the lowest in the period from 1975 through 1982. 
1981 had the highest mean population density. 

In 1980 and 1981, total phytoplankton abundance reached peaks in May, 
September, and November (Table 12 and Fig. 12). In both years, the maximum 
occurred in May and corresponded with maximums of centric and pennate diatoms, 
respectively. A maximum occurred in April 1982. High population peaks 
were also encountered in September, October, and November 1980 and 1981, after 
isothermal conditions resumed. The mean abundances for 1980 and 1981 were the 
highest since 1976. 

Monthly Variations of Phytoplankton Community Structure 
Occurrences of Dominant and Co-dominant Forms — 

For this report, any form constituting 10% or more of the total population 
in a sample was considered dominant. A comparison of these monthly frequencies 
for the years in which the plant has been in operation can reveal any change 
which has occurred in the distribution of these species during the period. 
Those forms which appeared relatively infrequently (less than 50% of the total 
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monthly samples) as dominant forms were excluded from consideration. If they 
were included, the resulting complexity could obscure the existing patterns. 
The monthly comparisons among the years were made for March to December, 
when complete data from 1975 to 1982 were available. Data for 1982 were 
complete for January through May. No samples were collected after May. 

In March, Tabellaria fenestrata v. intermedia and centric diatoms were 
dominant in 1975; Cyclotella stelligera and flagellates were dominant in 1976; 
flagellates, Fragilaria crotonensis , and Synedra f ilif ormis were dominant in 
1977; Stephanodiscus sp. was dominant in 1978; flagellates were dominant in 
1979; flagellates were dominant in 1980; flagellates and chrysophycean flagel- 
lates in 1981; and flagellates, Fragilaria crotonensis , chrysophycean flagel- 
lates, and Stephanodiscus sub tills in 1982 (Table 13). During April, the domi- 
nant forms were flagellates and Cyclotella stelligera in 1975; Fragilaria 
crotonensis and Asterionella f ormosa in 1976; flagellates, Fragilaria crotonen- 
sis , chrysophycean flagellates, and Synedra filiformis in 1977; chrysophycean 
flagellates and Stephanodiscus sp. in 1978; Stephanodiscus minutus in 1979; 
flagellates and Asterionella formosa in 1980; Asterionella f ormosa in 1981; and 
chrysophycean flagellates, centric diatoms, and Stephanodiscus subtilis in 1982 
(Table 14). The dominant forms for May were Tabellaria fenestrata v. intermedia 
in 1975, flagellates in 1976, flagellates in 1977, Melosira granulata in 1978, 
and flagellates and Asterionella formosa in 1979; Asterionella formosa and 
Melosira granulata in 1980; Stephanodiscus subtilis in 1981; and chrysophycean 
flagellates, Fragilaria crotonensis , and Tabellaria fenestrata v. intermedia in 
1982 (Table 15). In June, the dominant forms were flagellates and Tabellaria 
fenestrata v. intermedia in 1975, flagellates and Dinobryon divergens in 1976, 
Fragilaria crotonensis in 1977, and chrysophycean flagellates in 1978 
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(Table 16) • Because no sample was collected in June 1979, there was no informa- 
tion on dominant forms available for this month. The dominant forms in June 
were Fragilaria crotonensis and Melosira granulata in 1980; and chrysophycean 
flagellates in 1981. In July, Cyclotella stelligera , Dictyosphaerium pulchel- 
lum , and Gloeocystis sp. were dominant in 1975; no forms were dominant in more 
than 50% of the total samples in 1976; Cyclotella sp., Cyclotella comensis , and 
Fragilaria crotonensis were dominant in 1977; Fragilaria crotonensis and Scene- 
desmus bicellularis were dominant in 1978; and flagellates, Fragilaria croto- 
nensis , chrysophycean flagellates, and Anabaena f los-aquae were dominant in 
1979; chrysophycean flagellates, flagellates, and Qocystis sp. in 1980; chryso- 
phycean flagellates and flagellates in 1981 (Table 17). In August, Anacystis 
incerta and Chromulina parvula were dominant in 197 5; Fragilaria crotonensis was 
dominant in 1976; Anacystis incerta and flagellates were dominant in 1977; 
Fragilaria crotonensis was dominant in 1978; Fragilaria crotonensis and Anacys- 
tis incerta were dominant in 1979; Anacystis incerta and flagellates in 198U; 
and flagellates, chrysophycean flagellates, and Cyclotella comensis in 1981 
(Table 18). In September, Anacystis incerta and flagellates predominated in 
1975; Fragilaria crotonensis did so in 1976; Anacystis incerta and flagellates 
did so in 1977; Anacystis incerta did so in 1978; Anacystis incerta , flagel- 
lates, and Melosira granulata did so in 1979; Anacystis incerta and Melosira 
granulata in 1980; and Anacystis incerta and Cyclotella sp. #6 in 1981 
(Table 19). In October, Anacystis incerta , flagellates, and Gomphosphaeria 
lacustris were dominant in 1975; flagellates were dominant in 1976; Anacystis 
incerta , Fragilaria crotonensis , and flagellates were dominant in 1977; Anacys- 
tis incerta , Gomphosphaeria lacustris , and Melosira granulata were dominant in 
1978; Anacystis incerta and Gomphosphaeria lacustris were dominant in 1979; 
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Anacystis incerta and Tabellaria fenestrata v. intermedia in 1980; and flagel- 
lates and chrysophycean flagellates in 1981 (Table 20). During November, the 
dominant forms were flagellates, Anacystis incerta , Fragilaria crotonensis , and 
Cyclotella comensis in 1975; flagellates and Cyclotella sp. in 1976; flagel- 
lates, Anacystis incerta , and Gomphosphaeria lacustris in 1977; Anacystis 
incerta, Fragilaria crotonensis , and Gomphosphaeria lacustris in 1978; flagel- 
lates, Anacystis incerta , and Gomphosphaeria lacustris in 1979; Anacystis 
incerta and Tabellaria fenestrata v. intermedia in 1980; and flagellates and 
Stephanodiscus subtilis in 1981 (Table 21). In the month of December, centric 
diatoms and Cyclotella stelligera were dominant in 1975; Fragilaria crotonensis 
and flagellates were dominant in 1976; Anacystis incerta , Gomphosphaeria lacus- 
tris, and Tabellaria fenestrata v. intermedia were dominant in 1977; Gomphos- 
phaeria lacustris and Anacystis incerta were dominant in 1978; Anacystis incerta 
and Fragilaria crotonensis were dominant in 1979; Anacystis incerta and Tabel- 
laria fenestrata v. intermedia in 1980; and Fragilaria crotonensis , flagellates, 
and Stephanodiscus subtilis in 1981 (Table 22). 

No consistent trend of change in dominant species was observed in the 
monthly comparisons during the years 1975 through 1982. However, if the data 
are tabulated for those diatoms which are associated with an identifiable 
trophic level (Table 23), certain patterns of total annual occurrence for the 
dominant diatom species emerge (Table 24). These patterns are summarized in 
Table 25. The occurrences of mesotrophic species not tolerant of nutrient 
enrichment continuously decrease from 34 in 1975 to in 1982. On the other 
hand, there has been an increase from 47 in 1975 to 79 in 1982 in the occur- 
rences of mesotrophic species which are tolerant of moderate nutrient enrich- 
ment. The highest numbers of occurrences were in 1977 and 1980-82. The highest 
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Table 23. Apparent trophic preference and abundance of selected diatoms 
in Lake Michigan.^ 



Selected Diatoms 



Trophic Preference 
Ml M2 E EI 



Cyclotella comta (Ehr.) Kiitz. 
Cyclotella operculata (AgO Kiitz. 
Cyclotella ocellata Pant. 
Cyclotella kuetzingiana Thwaites 
Cyclotella stelligera CI. n. Grun* 

Melosira distans (Ehr.) Kiitz. 
Melosira distans var. alpigena Grun. 
Melosira islandica 0. Mull. 

Tabellaria fenestrata (Lyngb . ) K'utz. 
Tabellaria flocculosa (Roth) Kiitz. 

Rhizosolenia eriensis H. L. Smith 

Stephanodiscus transilvanicus Pant . 

Synedra ulna var. chaseana Thomas 

Cyclotella michiganiana Skv. 

Asterionella f ormosa Hass . 

Fragilaria crotonensis Kitton 

Stephanodiscus alpinus Hust. ex Huber-Pestalozzi 
Stephanodiscus minutus Grun. ex Cleve and Moll. 
Stephanodiscus niagarae Ehr. 
Stephanodiscus hantzschii Grun . 
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(continued) 



Symbols: 0, oligotrophic; Ml, mesotrophic but intolerant of nutrient 

enrichment; M2, mesotrophic and tolerant of moderate nutrient 
enrichment; E, eutrophic; EI, recently introduced eutrophic 
species; P, presence of species; and M, apparent maximum 
abundance of the species. 

References: Holland (1968, 1969); Stoermer and Yang (1969, 1970); Holland 
and Beeton (1972). (Courtesy to Tarapchak and Stoermer). 

^Tarapchak and Stoermer (1976), 
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Table 23. (Concluded). 



Trophic Preference 
Selected Diatoms Ml M2 E EI 



Synedra delicatissima Lewis 

Synedra ulna v. danica (Kiitz. ) Grun. 

Synedra ostenfeldii (Krieger) A. Cleve 

Synedra f iliformis Grun. 

Amphipleura pellucida (Kiitz.) 

Melosira granulata (Ehr. ) Ralfs 

Melosira granulata var. angustissima Mull. 

Fragilaria capucina Desm. 

Fragilaria capucina var. mesolepta (Rabh.) Grunow 

Fragilaria construens (Ehr.) Grunow 

Fragilaria intermedia Grun. 

Stephanodiscus tenuis Hust. 

Asterionella bleakeleyi Wm. Smith 

Diatoma tenue v. elongatum Lyng. 

Stephanodiscus binder anus (Kiitz.) Krieger 
Stephanodiscus subtilis (Van Goor) A. Cleve 

Nitzschia dissipata (Kiitz.) Grun. 

Coscinodiscus subsalsa Juhl.-Dannf. 
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Table 24. The annual occurrence of selected dominant diatom forms in 1975, 1976, 
1977, 1978, 1979, 1980, 1981, and 1982 (5 months). (See Table 23 
for definition of symbols Ml, M2, and E). 



1975 1976 1977 1978 1979 1980 1981 1982 



Stephanodiscus minutus (E) 
Fragilaria capucina (E) 
Stephanodiscus tenuis (E) 
Stephanodiscus subtilis (E) 
Diatoma tenue v. elongatum (E) 
Fragilaria crotonensis (M2) 
Tabellaria fenestrata var. 

intermedia (M2) 
Synedra f iliformis (M2) 
Asterionella formosa (M2) 
Cyclotella stelligera (Ml) 
Cyclotella sp. 
Cyclotella comensis (M2) 
Melosira granulata (E) 
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Table 25. The annual occurrence of dominant diatom forms with respect to each 
trophic level for 1975, 1976, 1977, 1978, 1979, 1980, 1981, and 1982 
(5 months). (See Table 23 for definition of symbols Ml, M2, and E). 



1975 1976 1977 1978 1979 1980 1981 1982 



Mesotrophic, intolerant of 

nutrient enrichment 
Mesotrophic, tolerant of moderate 

nutrient enrichment 
Eutrophic 
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number of occurrences of eutrophic species was in 1981. A combination of 
decreasing occurrences of mesotrophic species that are intolerant of nutrient 
enrichment and of higher occurrences of eutrophic and mesotrophic species toler- 
ant of moderate nutrient enrichment illustrates the continuing eutrophication of 
this region of Lake Michigan. 

Important trends have been observed between 1975 and 1980 in entrainment 
assemblages (Table 26): 1) a doubling in the occurrence of the blue-green 
algae Anacystis incerta , Gomphosphaeria lacustris , and flagellates; 2) a large 
increase in the number of occurrences of chrysophycean flagellates; and 3) the 
continued increase in occurrence of dominant blue-green algae. The mechanisms 
which cause these changes are presently unknown; and, from the information 
available, it is difficult to offer a good explanation. Nevertheless, further 
study of these species may yield considerable insight into the factors influenc- 
ing these changes. In 1981, there was a marked decrease in the blue-green spp. 
of Anacystis incerta and Gomphosphaeria lacustris , thus decreasing the dominant 
blue-green algae. 



Table 26. The annual occurrence of dominant blue-green algae and flagellates 
in 1975, 1976, 1977, 1978, 1979, 1980, 1981, and 1982 (5 months). 



1975 1976 1977 1978 1979 1980 1981 1982 



Flagellates 

Chrysophycean flagellate (sp.) 
Anacystis incerta 
Gomphosphaeria lacustris 
Dominant blue-green 
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Numbers of Forms, Diversity, and Redundancy — 

When working with complex and variable assemblages of phytoplankton such 
as those appearing in entrainment samples from the nearshore of Lake Michigan, 
it is advantageous to use some quantitative measure of the distribution of popu- 
lations within the various assemblages. Such measures can furnish information 
for assessing changes in community structure. The quantitative measures 
employed in this study are the number of species, diversity index, and redun- 
dancy. 

The diversity index is calculated using the formula presented by Wilhm and 

Dorris (1968): 

_ S 

d = - Z (n-|_/n) log2 (n^/n) 
i=l 

where S is the number of species , n is the total number of phytoplankton in 
cells/mL, and n^ is the number of phytoplankton of the ith species. As not all 
forms encountered can be identified to the species level, the diversity index 
presented may differ somewhat from the true diversity measure. 

Redundancy is a measure of the dominance of one or a few species within a 
population assemblage. As presented by Wilhm and Dorris (1968), it is: 



^max " ^ 



r = 



^max "" ^min 



where d is the diversity of a community as calculated above, d^^^ ^^ ^^^ maximum 
diversity for the community, and d^^^ is the minimum diversity for the 
community, ^^niax ^^^ ^min ^^^ computed as follows: 
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^max = (l/n)(log2n! - Slog2 [n/Sj!) 
dmin = (l/n)(log2n! - Slog2 [n-(S-l)]!) 

The possible values of r vary between and !• When an r equals 0, it indicates 
that all the species encountered in a community have the same abundance; where- 
as, when an r equals 1, it implies that one species dominates a community. As 
shown in the formula, this value is derived from the measure of species number, 
abundance, and diversity. 

The number of forms in the 1980 and 19bl entrainment samples showed a 
bimodal variation. The primary peak in 1980 was in September, with a lesser 
peak in June (Table 27 and Fig. 13). The number of forms varies from 41 to 7U, 
with the minimum and maximum corresponding with the months of July and Septem- 
ber, respectively. In 1981 the phytoplankton peaked in March, May, and Septem- 
ber, with 66 forms in March and May and 65 forms in September. The minimum 
number of forms was 40 in July. 

Species number fluctuations have long been an important issue. Many 
theories attempt to explain this phenomenon. The one offering the simplest and 
most plausible explanation for this was proposed by Moss (1973), who explained 
that different species begin to divide at different times of the year depending 
on their specific requirements for light, temperature, and nutrient types and 
levels. Most of these species are probably present in at least very small 
numbers throughout the year, and from these inocula larger populations can 
develop. After growth of a large population, decline occurs as the number of 
cells returns to the inoculum level. Population size depends on the balance 
between growth and concomitant loss by sinking, parasitism, and grazing. After 
the peak population has been reached, there is a rapid initial decline. As some 
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populations decline, others grow; and, with time, the complexity of overlap 
increases, leading to progressively greater diversity. This hypothesis seems to 
explain why the number of forms increased rapidly in late spring, late summer, 
or early autumn after an initial decline in spring and summer population. This 
hypothesis alone cannot fully illustrate all the changes in the system because 
the species fluctuation is also governed by many biotic and abiotic factors 
which vary from year to year. However, the increase in species numbers in 
summer has often been associated with upwelling which makes available hypolim- 
netic nutrients, including orthophosphate and silica, which stimulate the growth 
of some forms (Rossmann et al. 1979). 

The diversity index is an estimate of the structure of communities. 
It measures the degree to which individuals are represented in an assemblage 
and is determined by the number of species and the degree of apportionment of 
individuals among species. For example, a diversity index varies with (1) large 
numbers of species, or (2) a high degree of apportionment of individuals among 
species, or (3) both of the above. In 1980, diversity reached its maximum in 
June and its minimum in August, corresponding with the values 4.16 and 3.58, 
respectively (Table 28 and Fig. 14). In 1981, the maximum was in May and the 
minimum in June, with values of 4.83 and 1.93, respectively. For both years, 
the minimum values do not coincide with the time when the minimum number of 
species occurred. The number of species does not always have a strong influence 
on the diversity index. This is because the diversity index depends on not only 
the number of species but also the codominancy of many species. Therefore, it 
is not uncommon that a sample with a high abundance in which one species is 
dominant has a relatively low diversity value. In fact, the cases of September 
1977, October 1978, and September 1979 illustrate this situation: a large 
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number of species was encountered, but only one species, Anacystis incerta , was 
the dominant phytoplankter appearing at the time^ Despite these exceptions, 
species number has often been significantly correlated with the diversity 
indices (Rossmann et al« 1980). In the open lake, the diversity index normally 
ranges from values slightly greater than zero (in bloom situations) to values as 
high as 4.5 (Tarapchak and Stoermer 1976). In this system, however, the monthly 
mean index of the 1980 entrained samples varied from 3.58 to 4.16, with an 
annual mean of 3.86; in 1981, the monthly mean varied from 1.93 to 4.83, with an 
annual mean of 3.71. According to the Margalef (1968) classification, the 
ranges of values corresponding to trophic states are as follows: oligotrophic, 
>3.5; mesotrophic, 2.5 to 3.5; and eutrophic, <2.5. Considering the annual mean 
of diversity, this geographic region is still far from a state in which any 
disturbance drastically changes algal community structure and thereby signifi- 
cantly reduces the diversity index. 

In 1980, redundancy was low in March and high in August. In 1981, redun- 
dancy was low in May and high in June (Table 29, Fig. 15). 

When the species numbers and the diversity and redundancy indices are 
compared annually, the number of species is high in 1976 and 1978, but low 
in 1975, 1977, 1979, 1980, and 1981; the diversity index is also at its peak 
in 1976 and 1978; 1980 and 1981 are similar to 1975, 1977, and 1979. The redun- 
dancy index, however, has its maximum in 1981 and its minimum in 1976. 

Numbers and Biomass of Phytoplankton Passing Through the Plant — 

One of the major stress factors unique to entrained phytoplankton is 
the artificially-elevated temperature in the condenser through which entrained 
phytoplankton must pass. The intake water temperature during 1979 varied from 
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0.5°C to over 24.5°C; after the water had passed through the cooling system, 
its temperature at the discharge was about 10 C° higher. In the summer, the 
discharge water temperature approached 34 °C, the temperature suggested by- 
Patrick (1969) as having a harmful effect on algae. Because of possible harmful 
effects on algae, the numbers and biomass of phytoplankton passing through the 
condenser and the possible effect of this impact on phytoplankton were assessed. 
The plant pumped water at an average rate of 2,700 m-^ min"^ for unit #1 and 
3,500 m^ min~^ for unit #2. When both units were in operation, the average rate 
at which water was pumped through the plant was 6,200 m-^ min""-*-. The mean 
monthly total phytoplankton densities were used to estimate the number of phyto- 
plankton passing through the plant in each month. The weight of the phytoplank- 
ton was then computed using the conversion coefficient of 0.57 x 10""^ gm as the 
average v/eight of a phytoplankton cell (Ayers and Seibel 1973). Using these 
methods, an estimate of the number of phytoplankton cells and their weight has 
been calculated for every month studied (Table 30). Not all the annual esti- 
mates began in January, and the units in operation were different in each year; 
therefore, it is not appropriate to make annual comparisons of the total en- 
trained phytoplankton in numbers or weight. Furthermore, the above estimates 
were based on the assumption that the plant was operating 100% of the time and 
that no recirculation of discharge water occurred. Thus, the monthly estimate 
represents a somewhat inflated value for the number and weight of phytoplankton 
passing through the plant during each month. 
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CHLOROPHYLLS MID PHAEOPHYTIN a 

The complete results of the chlorophyll a., b^, c_, and phaeophytin a^ analysis 
from January 1980 through May 1982 are contained in Appendix 2. These data have 
been used 1 ) to assess the immediate and delayed impact of entrainment on phyto- 
plankton viability and 2) to monitor the monthly fluctuations in these pigments 
with respect to the observed phytoplankton densities. 

Assessment of Damage to Phytoplankton 

Because disruption of the photosynthetic mechanism could result in the 
inhibition or death of the algae, analysis of the photosynthetic pigment concen- 
tration is used to assess viability changes associated with condenser passage. 
The chlorophyll molecule degrades to three pigments (phaeophytin, phaeophorbide , 
and chlorophyllide) . Phaeophytin (also measured in this analysis) is formed when 
CHLOROPHYLL -phytol ^ CHLOROPHYLLIDE 



-Mg 



-Mg 



\J/ 



PHAEOPHYTIN phytol ^ PHAEOPHORBIDE 

chlorophyll loses its central Mg atom. Subsequent loss of the phytol side-chain 
results in pheophorbide. Chlorophyllide is formed by the enzymatic removal of 
the phytol group from the chlorophyll molecule. Additional loss of the Mg atom 
produces phaeophorbide. Each of these pigments may be broken down into small 
colorless compounds or oxidized. 

Chlorophyll a^, the primary photosynthetic pigment , is found in all groups 
of algae and occurs in much higher concentrations than either chlorophylls b^ 
or c_; it is the best chlorophyll for the assessment of intake/discharge differ- 
ences. Chlorophylls b^ and c_, while significant for comparison with the major 



71 



groups of phytoplankton, do not exhibit any consequential patterns relating to 
entrainment. The phaeophytin a_ to chlorophyll a. ratio is relatively insensitive 
to changes of the magnitude that occur during entrainment, but it is also of 
some interest to the discussion of monthly pigment variation and seasonal suc- 
cession. 

The occurrence of statistically significant (a < 0.05) differences between 
pigment concentrations of intake and discharge water for all 1980, 1981, and 
1982 samples are summarized in Tables 31 and 32. The differences are presented 
as percentages of the number of sample sets (N) for each year. There are three 
non-incubated and one incubated sample sets per month. 

As is evident from Table 31, the chlorophyll a_ concentration decreases more 
frequently than it increases, indicating that at least some of the pigment is 
altered during condenser passage. However, it is either not becoming or not 
remaining phaeophytin a_, because there is no apparent increase in the degra- 
dation product after entrainment. In fact, the data indicate that phaeophytin a^ 
actually decreases. It is possible 1) that the phaeophytin a^ is broken down 
further to phaeophorbide, 2) that the chlorophyll _a and/or the phaeophytin a_ may 
be degraded to small or colorless compounds, or 3) that the chlorophyll is 
becoming chlorophyllide . 

The cellular metabolism may be disrupted without any immediately detectable 
damage to the photosynthetic system. An assessment of delayed effects was 
attempted by the analysis of pigment concentration in samples 36 hours after 
collection. Data on the incubated samples will be dealt with in the discussion 
of chlorophyll a data for all study years. 
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Table 31. Percent of non-incubated sample sets which showed statistically 

significant (a < 0.05) differences between pigment concentrations 
of intake and discharge water. The number of sample sets (N) and 
the phaeophytin a to chlorophyll a ratio are included. 



Chl. a 


Chl. b 


Chl. c 


Phaeo a 


Ratio 


(%) 


(%) 


(%) 


(%) 


(%) 



Increased 
1980 
1981 
1982 

Decreased 
1980 
1981 
1982 



36 


3 





6 


3 


3 


36 


3 


8 


3 








15 


13 





7 








36 


17 


3 











36 


14 





3 


6 


6 


15 


13 


7 


7 


20 


13 



Table 32. Percent of incubated sample sets which showed statistically 

significant (a < 0.05) differences between pigment concentrations 
of intake and discharge water. The number of sample sets (N) and 
the phaeophytin a to chlorophyll a ratio are included. 



Chl. a 


Chl. b 


Chl. c 


Phaeo a 


Ratio 


(%) 


(%) 


(%) 


(%) 


(%) 



Increased 
1980 
1981 
1982 

Decreased 
1980 
1981 
1982 



12 


8 














12 


17 














5 








20 








12 


8 








8 


8 


12 


25 


8 


25 


25 


25 


5 
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Table 33 contains a comparison of the combined chlorophyll data for all 
study years. The values presented are the number of significant changes in all 
variables divided by the total number of comparisons for each year, and they are 
shown as percentages. There were 240 comparisons in 1980 and 1981, and 100 in 
1982 (see Appendix 2). The difference between 1975-76 and subsequent years has 
been attributed to a methodology change (Rossmann et al. 1977). No consistent 
trends in viability are evident and only 197 7 shows a notable difference between 
the occurrence of increases and decreases in pigment concentrations. The mean 
and standard deviation (x,a) for all years are also indicated in the table. 

The chlorophyll a. data from Tables 31 and 32 are combined with data from 
previous years in Table 34. The difference between the instances of increases 
and decreases in the non-incubated samples of 1980-82 is consistent with earlier 
data. Although the years 1975, 1979, and 1982 are notable exceptions, overall, 
the data indicate that some decrease in viability does occur during condenser 
passage. Comparison of the incubated and non-incubated samples provides some 
information on the delayed effects of entrainment on phytoplankton viability. 
Delayed damage would be indicated if the percentage of incubated samples showing 
decreased chlorophyll a. concentration were high compared with the non-incubated 
samples. Only 1977 and 1981 exhibit this pattern, with the remaining data 
indicating that no additional viability decrease occurs within 36 hours after 
entrainment. Between 1978 and 1981, the somewhat higher percentage of incubated 
samples showing an increase (compared with non-incubated) indicates that cell 
division occurred during incubation and implies that the algae may have been 
mildly stimulated by entrainment. 
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Table 33. Percent occurrence of statistically significant changes in all 
comparisons between intake and discharge. 



Percent of Comparisons Percent of Comparisons 
Year Showing Increase Showing Decrease 



1975 2 4 

1976 4 5 

1977 1 16 

1978 9 9 

1979 9 5 

1980 3 2 

1981 8 5 

1982 (through May) 11 7 



X = 5.9 6.6 

a = 3.8 4.3 



Table 34. Percent occurrence of statistically significant changes in 
chlorophyll a concentration between intake and discharge. 













Increas 


se 










Decrease 




Year 




Non- 


-Incubated 


Incubated 


Non- 


-incubated 


Incubated 


1975 

























5 


1976 






6 













8 




8 


1977 




















30 




60 


1978 






5 






17 






22 




17 


1979 






16 






30 






15 




12 


1980 






3 






8 






17 




8 


1981 






3 






17 






14 




25 


1982 


(through May) 




13 













13 











X 


= 5. 


8 




9. 







14. 


9 


16.9 






a 


= 5. 


9 




11. 


3 




8. 


9 


19.0 
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Although condenser passage appears to alter phytoplankton metabolism to 
some degree, more quantitative conclusions are hampered by our inability to 
sample from exactly the same "parcel" of water before and after condenser pas- 
sage. High variability between samples is evident in the chlorophyll data, as 
well as the species counts, and may be due in part to the "patchiness" of the 
phytoplankton in the lake. Furthermore, chlorophyll analysis, while providing 
an indication of the phytoplankton 's gross condition (dead or alive), is not 
sensitive enough to subtle changes in viability of the degree likely to occur 
during entrainment. Primary productivity data based on uptake of C-14 indicate 
that a reduction in the photosynthetic rate occurs even though little signifi- 
cant change in chlorophyll a_ is observed (Chang et_ _ai . i93ib). Factors causing 
the rate reduction and details concerning the duration of the change are still 
unclear. 

Monthly Variation of the Chlorophylls and Phaeophytin a 

Data from the intake samples are used to monitor monthly chlorophyll 
and phaeophytin a. fluctuations. The results for January 1980 through May 1982 
are illustrated in the figures which follow. Comparison of these with the major 
group plots (Figs. 3-12) gives an indication of the origins of chlorophyll 
peaks. Chlorophyll a. (Fig. 16) is present in all major groups of algae and the 
monthly levels are associated closely with the seasonal succession of phyto- 
plankton (Total Algae, Fig. 12). All years show regular spring and fall peaks. 
Spring chlorophyll a peaks resulted primarily from the high abundance of dia- 
toms, while the fall increases were caused by greens, coccoid blue-greens, and 
diatoms. 
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Chlorophyll b^ (Fig. 17) is found primarily in green algae. In addition to 
the coccoid and filamentous groups, flagellates and especially Other Algae may 
contain sizable green algae components. The green species of flagellates made a 
major contribution to the April 1980 chlorophyll _b peak; and the greens in Other 
Algae, along with the coccoid greens, were the important constituents of the 
Fall 1980 increase. A single species of filamentous green algae appears respon- 
sible for the chlorophyll h peak in May 1981. The original phytoplankton counts 
for that month (see Appendix 1) indicate a high abundance of Ulothrix sp. in one 
of the samples. The large peak in January 1982 must be attributed to experi- 
mental error, because no group of algae occurred in numbers sufficient to 
produce such an increase. 

Pennate and centric diatoms are the principal contributors of chlorophyll c 
in the phytoplankton samples, and the chlorophyll £ plot (Fig. 18) follows the 
seasonal succession of diatoms. Chrysophycean flagellates, dinof lagellates , and 
cryptomonads (lumped into the major group Flagellates) also contain the pigment; 
but their combined biomass is considerably less than that of the diatom 
fraction. 

The phaeophytin a. levels (Fig. 19) generally follow the pattern seen 
in chlorophyll a^, although the actual concentration of phaeophytin remains well 
below that of chlorophyll. The peak in May 1981 is larger than usual but is 
in line with the high abundance of phytoplankton observed for that month. 
The ratio of phaeophytin a^ to chlorophyll a. (Fig. 20) was high in April 1980, 
prior to the spring phytoplankton bloom. This increase may have resulted from 
the spring turnover, when decaying algae are brought up from the bottom. The 
ratio remained relatively low through the rest of 1980 and early 1981. In May 
1981, the ratio increased sharply, possibly again as the result of turnover. 
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The points from June through September are difficult to interpret, but the 
gradual rise in the ratio from October 1981 through January 1982 was probably 
the result of the decline of the winter bloom. 
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SUMMARY 



In 1980, orthophosphate concentration ranged from O^ll ppb during maximum 
utilization in June to 1.25 ppb in October, after the onset of fall turnover. 
Nitrate varied from 0.143 ppm (September) to 0.5 ppm (April), and nitrite was 
detectable in January, April, and June. Dissolved silica concentrations ranged 
from 1.36 ppm during the spring turnover in April down to 0.06 ppm after the 
winter bloom. 

For 1981, orthophosphate was at its minimum level of 0.215 ppb during the 
diatom bloom in November and at its maximum of 1.83 ppb, atypically, in Decem- 
ber. Nitrate ranged from 0.11 ppm in June to 0.481 in December; and nitrite was 
present in April, July, August, October, November, and December. Dissolved 
silica varied from 0.409 ppm in August, well after the May diatom bloom, to 
2.22 ppm in March, perhaps as a result of runoff combined with the beginning of 
turnover. It exceeded 1.0 ppm in January (1.18), February (1.53), March (2,22), 
October (1.42), November (1.02), and December (1.68). 

In the 1982 samples available, orthophosphate generally decreased between 
the maximum in January (0.979 ppb) and the minimum in May (0.0409 ppb). Nitrite 
appeared in April, with spring turnover. Spring maximums for dissolved silica 
(1.2 ppm) and nitrate (0.453 ppm) also occurred in April. Utilization was 
evident in May, when the dissolved silica concentration was 0.314 ppm and the 
nitrate concentration was 0.0303 ppm. 

Coccoid blue-green algae were low in concentration during February through 
May and high in concentration from July through December 1980. In 1981, concen- 
trations were low from January through July and high in September, with a 
decrease from October through December. Concentrations were low in 1982 from 
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January through May. Filamentous blue-green algae were less numerous than 
coccoid blue-green algae and peaked in June 1980 and May 1981, with 312 cells/mL 
and 111 cells/mL, respectively. Coccoid green algae were relatively high during 
July through September 1980 and July 1981. Filamentous green algae reached 
9 cells/mL in May 1980 and 85 cells/mL in May 1981, thus constituting a minor 
portion of the total algal population. Flagellates were numerous and contrib- 
uted an important share to the total annual algal population. They peaked in 
April 1980 and were low during October through December 1980. In 1981, flagel- 
lates peaked in June and were considerably higher than 1980 for the remainder of 
the year. The yearly means for 1981 and 1982 were the highest for 1975-1982. 
Centric diatoms peaked in May and September 1980; May, September, and November 
1981; and April 1982. Pennate diatoms were most abundant in May and November 
1980; May and December 1981; and April and May 1982. Desmids were consistently 
low during 1980-1982, reaching 5 cells/mL in May 1981. Other algae had peak 
abundances in September 1980, and April and September 1981. Total algae numbers 
were highest in May, September, October, and November 1980; May, September, and 
November 1981; and April 1982. 

Comparison of phytoplankton major group mean concentrations for 1975 to 
May 1982 gave the following general observations: 1) coccoid blue-green algae 
and desmids were least abundant during 1976; 2) coccoid green algae and centric 
diatoms were least abundant in 1977; 3) flagellates were least abundant in 
1979-1980; 4) filamentous blue-greens were least abundant in 1981; 5) filamen- 
tous green algae were most abundant in 1976, and other algae were most abundant 
in 1981; 6) total algae and pennates were least abundant in 1979. The reason 
for this low count in 1979 may be the absence of June samples, when the 
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abundance is usually high. The value for the yearly average may, therefore, 
be unduly low. 

The number of forms of phytoplankton identified during 1980 varied from 
41 in July to 70 in September, In 1981, forms varied from 40 in July to 65 in 
September, Diversity ranged from 3,58 in August to 4.16 in June during 1980, 
and from 1.93 in June to 4.83 in May 1981; and redundancy varied from 0.240 
in March to 0.396 in August 1980, and from 0.197 in May to 0.661 in June 
during 1981. 

The average number of forms and the redundancy index were highest in 1976 
and 1981, respectively; and diversity was highest in 1976 and lowest in 1981. 

Important trends have been observed in entrainment assemblages: 1) a con- 
tinuous frequent occurrence and large abundance of the blue-green alga Anacystis 
incerta through 1980, followed by a substantial decrease in 1981; 2) decline 
in the occurrence of Gomphosphaeria lacustris in 1980-1981; 3) a large increase 
in the occurrence of flagellates and chrysophycean flagellates through 1981; 
and 4) a continued increase in the occurrence of dominant blue-green algae 
through 1979, and then a sharp decline in 1981. 

A combination of decreasing occurrences of mesotrophic species that are 
intolerant of nutrient enrichment and of higher occurrences of eutrophic and 
mesotrophic species tolerant of moderate nutrient enrichment illustrates the 
continuing degradation of this southern sector of Lake Michigan. 

Viability results based on the comparisons of chlorophyll and phaeophytin 
concentrations of intake and discharge samples were variable and lacked consis- 
tent trends in the years (1975-1982) under consideration. Only 1977 showed 
a significant decrease in viability after condenser passage, with 16% of the 
sampling periods exhibiting lower chlorophyll levels and only 1% having higher 
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levels after entrainment . However, comparison of chlorophyll a concentrations 
before and after condenser passage shows a lower concentration for all study 
years except 1979, indicating that some damage does occur. Chlorophyll £ levels 
in the incubated samples imply a delayed stimulatory effect on viability but are 
inconclusive because of the high variability of the samples. 
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